Abstract. In order to explore the phytoremediation ability of willow in heavy metal contaminated soil and water, we studied the growth response, accumulation and translocation capacity and antioxidant enzyme activities in Salix matsudana 'J172' (A7) and Salix psammophila 'Huangpi1' (A94) under the stress of Cd (0, 15 and 30 μM) by hydroponic. The results showed that the growth inhibition of A94 was greater than A7 under the stress of different concentrations of Cd. The accumulation of Cd in whole A94 plant was more than that of A7, and the leaves were the main organ that could accumulate Cd. Furthermore, the activity of superoxide dismutase (SOD) in leaves and roots of A7 and A94 is significantly increased and hydrogen peroxide (CAT) and peroxidase (POD) activities were significantly reduced under the stress of Cd. Particularly, Salix psammophila 'Huangpi1' showed better Cd tolerence and had better ability of phytor emediation in Cd contaminated water.
Introduction
With the rapid development of industry and agriculture and the acceleration of urbanization, soil pollution is deteriorating. Cadmium (Cd) is the most serious inorganic pollutant in China. The contaminated soil was distributed in 25 regions in 11 provinces [1] . As a biological non-essential element, Cd has serious toxicity and migration ability. Cd stress can lead to chlorosis, slow growth, and reduced biomass of plants, which can cause plant death in severe cases.
Phytoremediation technology is a technology that uses the physiological functions of absorption, transformation, accumulation, and volatilization of plants and their rhizosphere microbes to reduce environmental pollutants. Phytoremediation technology has become a research hotspot with its low cost, easy operation, landscaping and no secondary pollution [2] . At present, a large amount of research work mainly focuses on hyperaccumulators. But most hyperaccumulators have small biomass, slow growth, shallow roots and oneness, limiting the scope of application of hyperaccumulators [3] . Therefore, screening plant species that are easy to colonize, have large biomass, rapid growth, long life cycle and high relative accumulation for soil heavy metal pollution restoration has been paid much more attention.
Because of the strong survivability in soil and water, growth, large biomass and strong ability to accumulate and translocate heavy metals, willow had been regarded as one of the most soil remediation potential plants. Willow can resist the toxic effects of Cd on plant growth by controlling the content of antioxidant enzymes [4] . At present, most studies on the remediation of heavy metal pollution by willows focus on different types of remediation capacity. The study of two new willow clones on heavy metal resistance and physiological response are necessary to their application. In this paper, two new willow clones were selected to explore the accumulation characteristics and tolerance responses under different Cd stresses. The results could provide basic data and guidance for the screening and application of Cd-contaminated soil remediation plants.
Materials and Methods

Experimental Materials and Design
The willows used in this study were newly cultivated in the experimental forest farm of Shandong Academy of Forestry, namely Salix matsudana 'J172' (A7) and Salix psammophila 'Huangpi1' (A94). The 20 cm lenth cuttings with 3 -4 full buds and uniform size were selected for hydroponic experiments in late March 2017. It was placed in a 2500 mL jar containing distilled water and hydroponically rooted at room temperature and replace distilled water every 3 days after completely disifection with alcohole and distilled water. After 3 weeks, select the cuttins with good condition and consistent growth transferred to a culture tube ® containing 4 L of 100% Hoaglang's nutrient solution, and hydroponic culture continued for 3 weeks in the greenhouse of Jinan University. After culturing with nutrient solution, the willow seedlings were selected for Cd stress treatment under the Cd concentrations of 15 μM (Cd15) and 30 μM (Cd30) in greenhouse with 24 -30℃ and a relative humidity was 60 -70%. The Cd 2+ were provided by adding CdCl 2 ·5/2H 2 O powder to the nutrient solution. The nutrient solution containing heavy metals was changed every 2 weeks. After exposed in Cd for 35 days, the plant samples were collected and determined.
Sample Harvest
The seedings were devided into the roots, stems and leaves and then weighed separately. Some fresh samples of each tissue were keeped for the determination of antioxidant enzymes and other indicators. The rest of the seedlings were dried at 85℃ to constant the dry weight was recorded. Then grounded the dry sample into uniform fine powder.
Determination of Cd Concentration
Dried 100 mg sample powder were digested on the digestion furnace at 150℃ with HNO 3 -HClO 4 mixture (V:V = 4:1). The diluted digestion solution pass through a 0.45 μm water filter for the analysis of atomic absorption spectrophotometer(SHIMADIV AA-7000).
The tolerance coefficient (Ti), heavy metal uptake ratio (UR), translocation factor for concentration (TF), and translocation factor for accumulation (TF′) were calculated according to the following formula:
Where, the Mplant is the heavy metal content of the whole plant and Msolution is the content in the nutrition solution.
where, the Cshoot represented the HMs concentrations in plant shoot and Croot represented the HMs concentrations in plant root.
Determination of Enzyme activity and Antioxidant Substances
Superoxide dismutase (SOD) activity was determined by pyrogallol autoxidation method [5] . The activity of catalase (CAT) was determined by UV spectrophotometry [6] . The activity of peroxidase (POD) was determined by guaiacol method [7] .
Statistical Analysis
Statistical analysis of the data was performed using Excel 2016 and SPSS 19.0. One-way ANOVA was used to analyze the effects of different Cd treatments on the growth and biochemical characteristics of two willow species and their effects on cadmium enrichment and transfer. Data were differentially tested using the LSD test (P = 0.05). All figures were performed using SigmaPlot 12.5.
Results and Discussion
Effects of Cd Stress on Growth
The growth of leaves and roots of the two willow trees was inhibited under Cd stress with comparetion with the control (Table 1) . For A7, the dry biomass of leaf under treatment Cd15 and the root dry biomass under Cd30 treatment were significantly lower than the control (P < 0.05). For A94, leaf and root growth were significantly inhibited in low Cd (15 μM) and high Cd (30 μM) treatments (P < 0.05). The growth inhibition of A94 leaves and roots was greater than that of A7 at both Cd concentrations. In addition, the total biomass of A94 was greater than A7 in the control treatment, and the total biomass of A94 was always greater than A7. Redovnikovi et al proved that Cd stress inhibited the growth of Populus nigra 'Italica' in an outdoor pot experiment [8] . The inhibition of heavy metals on plants growth and development was caused by changes in biochemical processes at the cellular and molecular levels, which affect the transport of essential substances in the cells, and thus the absorption and metabolism of plant nutrients [9] . In addition, the biomass of A94 in the control was higher than that of A7. This indicated that A7 has good growth stability under Cd stress. Although the biomass of A94 decreased significantly, it showed better growth characteristics and tolerance than A7. 
Accumulation and Translocation Characteristics
In Table 2 , with the increase of Cd concentration, the concentration of Cd in the two willows decreased in the leaves and increased in the roots. For the Cd concentration in the stems, A94 showed an increasing trend. The two willow leaves accumulated more Cd in Cd15 treatment, while their stems and roots accumulated more Cd in Cd30 treatment. The Cd concentration in the two willow roots was basically the same in the two Cd treatments. The heavy metal uptake ratio was showed in Table 2 . UR of A7 in Cd30 is slightly lower compared to Cd15, while the UR of A94 in Cd30 was increased by 25% compared with Cd15. From the accumulation of Cd in the whole willow (leaf, stem, root), the enrichment ability of A94 was better than that of A7.
The two willows showed similar Cd distribution patterns, most of which were accumulated in leaves. Vandecasteele et al. studied the accumulation characteristics of Cd by Salix fragilis Rood' and Salix viminalis 'Aage' which the concentrations of Cd in leaves and roots in moderately polluted soils were similar, but the Cd accumulation in leaves in heavily polluted soils was higher than that in roots [10] . Utmazian and Wenzel also found that six willow varieties accumulated more Cd in leaves than roots [11] .
Although the concentration of Cd in leaves was greater than that in roots, the TF according to concentration in both willow trees was less than 1 (Table 2) , which was due to the fact that the dry weight of stem part of willow was more than that of root, which diluted the concentration of Cd in aboveground. Similarly, Yang et al reported that the TF values of 39 willow cultivars treated with 10 μM Cd ranged from 0.15 to 1.48 [12] . The transport of heavy metals in plants is mainly driven by transpiration. The more intense the transpiration of leaves, the more ions are transported from the roots to the shoots through the xylem. At the same time, transpiration also drives the distribution and translocation of heavy metal ions in aboveground tissues. In addition, the TF of A7 was significantly lower than that of A94 under the two Cd concentrations (P < 0.05) A94 (Table 2 ). This suggested that A94 had a better capacity to accumulate Cd in the aboveground tissue. The results showed that the two willows in this study could be used as alternative tree species for phytoremediation of Cd contaminated soil, and A94 had better accumulation ability and better tolerance to Cd. 
Response of Enzyme Activity to Cd Stress
With the increase of Cd concentration, the activity of superoxide dismutase (SOD) of both willow leaves and roots significantly increased, while the activities of catalase (CAT) and peroxidase (POD) decreased gradually (Fig. 1) . Moreover, the effect of Cd stress on SOD activity in A7 roots was greater than that in leaves, and the effect on SOD activity in A94 leaves was greater than that in roots. Cd stress has the same effect on CAT activity of two willow leaves and roots.The effect of Cd stress on POD activity in two willow leaves is slightly larger than that in roots. Overall, the SOD activity of A7 was higher than that of A94, and the CAT and POD activities of A94 were higher than A7. The results of Fernandez-Fuego et al. are consistent with our finding [13] . The SOD activity of Betula platyphylla leaves grown in soils contaminated by 6 heavy metals (Cu, Zn, As, Cd, Hg and Pb) was significantly higher than that of the control. Redovnikovi et al. proved that the CAT activity of Populus Alba increased under Cd and Pb stress [14] . Khan et al. pointed out that with the increase of Pb concentration, the POD activity of Brachiaria mutica and Ricinus communis L. decreased [15] . Current studies show that the effects of heavy metals on antioxidant enzyme activity mainly depended on the concentration of heavy metals and the species of plants. In this study, the activities of CAT and POD were inhibited, which indicated that the existence of Cd might inhibit the biosynthesis pathway of these two enzymes and make them unable to eliminate Cd induced H 2 O 2 . In this study, SOD is the key antioxidant enzyme of A7 and A94 in response to Cd stress.
